The mechanism(s) and site(s) of the insulin resistance were examined in nine normal-weight noninsulin-dependent diabetic (NIDD) subjects. The euglycemic insulin clamp technique (insulin concentration -100 MU/mi) was employed in combination with hepatic and femoral venous catheterization and measurement of endogenous glucose production using infusion of tritiated glucose. Total body glucose metabolism in the NIDD subjects (4.37±0.45 mg/kg per min) was 38% (P < 0.01) lower than in controls (7.04+0.63 mg/kg per min).
Introduction
Noninsulin-dependent (type II) diabetes mellitus is well established as a heterogenous disorder characterized by defects in both insulin secretion and tissue sensitivity to insulin (1) . The insulin resistance has been documented using various techniques that include the combined oral glucose/insulin tolerance test (2) , the insulin tolerance test (3, 4) , the quadruple infusion technique (5, 6) , radioisotope turnover studies (7) , and the insulin clamp technique (8-12). The site of the insulin resistance, however, has not been clearly defined. In a general sense, insulin resistance could result from one of three major metabolic disturbances: impaired glucose uptake by peripheral Receivedfor publication 16 March 1984 and in revisedform 1I March 1985. tissues, impaired glucose uptake by the splanchnic tissues, or impaired suppression of hepatic glucose production (HGP).'
Of these three disturbances, only the latter has been examined in any detail. DeFronzo et al. (8, 9) found that basal HGP was slightly, although significantly, elevated in noninsulindependent diabetics (NIDD) with moderate fasting hyperglycemia (140-200 mg/dl). In NIDD with more severe fasting hyperglycemia (>200-220 mg/dl), the basal rate of HGP was increased in proportion to the increase in fasting plasma glucose concentration. In all diabetics, however, HGP was suppressed by >90% by hyperinsulinemia (insulin clamp, plasma insulin concentration -100 MU/ml). A similar elevation in basal HGP in NIDD was reported by Kolterman et al. (10, 11) . These investigators, however, found that the ability of hyperinsulinemia to suppress HGP was impaired in NIDD. At present, no data are available concerning direct measurements of insulin-mediated glucose uptake by splanchnic and peripheral tissues.
To characterize completely the potential mechanisms responsible for the impairment in insulin action in type II diabetes mellitus, one must in the same individual quantitate total body glucose uptake, peripheral tissue glucose uptake, splanchnic glucose uptake, and suppression of HGP. In the present study we have attempted to provide an integrated picture of insulin-mediated glucose metabolism by employing the euglycemic insulin clamp technique in combination with measurements ofendogenous glucose production (using tritiated glucose infusion) and the femoral/hepatic venous catheterization technique. As discussed above, it is well established that the defect in total body glucose uptake, as well as the ability of insulin to suppress hepatic glucose production, becomes progressively more impaired with increasing severity of diabetes (9) . Since we were interested in examining the defect in glucose utilization at a relatively early stage in the evolution of diabetes mellitus, we chose to study patients with modest fasting hyperglycemia.
Methods
Subjects. The subject population consisted of 9 NIDD and 10 healthy control subjects. The diabetic group was composed of seven males and two females, the control group of nine males and one female. All subjects were within 20% of ideal body weight, based upon the mean point of medium frame individuals in the 1959 Metropolitan Life Insurance table. The mnean±SEM ideal body weight in the diabetic and control subjects averaged 95±4 and iO7±3%, respectively. The actual body weights in the two groups were 71±5 and 74±3 kg, respectively. The diabetics were slightly older than the controls, 52±2 vs. 43±3 yr. The duration of diabetes, as established by the first recorded plasma glucbse concentration >140 mg/dl, was 2.8±1 yr. Eight of the nine diabetic subjects fulfilled the criteria for diagnosis of diabetes mellitus as established by the National Diabetes Data Group (13). None of the diabetics had ever taken insulin or oral hypoglycemic agents before the study. Other than diabetes mellitus, no subject had any significant medical history and none was taking any medications.
There was no family history of diabetes in the controls. Six of the nine diabetics had a positive family history of diabetes among first-degree relatives.
Each of the nine diabetic subjects received an oral glucose tolerance test (OGTT) (I g/kg body wt) to evaluate their degree of glucose intolerance and their plasma insulin response. The fasting plasma glucose concentration on the day of the OGTT was 149±8 mg/dl (Fig.   1 ). The fasting plasma insulin concentration in the diabetics was 25±2 MU/ml, and this was significantly greater than in the controls, 8±1 AU/ml (P < 0.001 ). During the OGTT the mean plasma glucose concentration and insulin levels in the diabetics were significantly greater than in the controls (Fig. 1) .
All studies were carried out at 8 a.m. after a 10-12 h overnight fast. The purpose, nature, and potential risks of the study were explained to all subjects and they gave informed consent before participating. The (16) . The plasma insulin concentration was acutely raised and maintained by a primecontinuous (40 mU/m2 per min) infusion of insulin. This insulin infusion rate was chosen because it produces portal insulin levels (17) similar to those observed during a standard OGTT while achieving peripheral plasma insulin concentrations within the physiologic range. In the controls the plasma glucose concentration was maintained at the basal level by measurement of the arterial plasma glucose concentration at 5-min intervals and appropriate adjustment of the infusion of a 20% glucose solution based upon a negative feedback principle (16) . In the diabetic subjects no glucose was infused after the insulin clamp was begun. Instead the plasma glucose concentration was allowed to decline to 90 mg/dl, at which level it was clamped for 2 h more. During the insulin/glucose infusion, plasma samples for tritiated glucose specific activity were drawn every 15 min until the last 30 min of the insulin clamp, when they were drawn every 5-10 min.
Blood for the determination of hepatic and leg blood flow and of regional arteriovenous blood glucose concentration differences was drawn at 5-10-min intervals over the 30 min before the insulin clamp was initiated and at 10-20-min intervals thereafter. After at least two or three basal determinations, plasma insulin (every 15 min) and plasma glucagon, cortisol, growth hormone, epinephrine, and norepinephrine (every 30 min) were measured periodically during the insulin clamp study. Hepatic blood flow was estimated by the continuous infusion technique using indocyanine green dye (15) . Leg blood flow was determined by the dye dilution procedure described by Jorfeldt and Wahren (14), and leg weight was estimated by volume displacement. In brief, the subject's leg is inserted into a large water-filled cylindrical tank until the top of the cylinder meets the under surface of the bony attachment of the arcuate pubic ligament. The volume of water displaced from the tank is then measured. This procedure is repeated three times and mean value is calculated. When the leg volume of the same subject is determined by the same observer on three successive days, the variation is <5%.
Plasma glucose concentration was determined with a glucoseoxidase method (Glucostat; Beckman Instruments, Inc., Fullerton, CA). Whole blood glucose was determined by previously published methods (18) . Plasma immunoreactive insulin was measured using talc to separate bound from free hormone (19), and plasma immunoreactive glucagon was determined using the 30 K antibody of Unger (20). Plasma catecholamine levels were measured using the radioenzymatic assay of Cryer (21) . The method for plasma cortisol determination has been published previously (22). Counterregulatory hormones were determined only in the NIDD group.
Calculations. The amount of glucose metabolized by the entire body was calculated by adding the average glucose infusion rate and the rate of residual HGP. All data for total body, splanchnic glucose uptake (SGU) and hepatic glucose uptake, and HGP represent the mean of values during the last 100 min of the insulin clamp study. Net splanchnic glucose balance (SGB) was calculated as the product of the arterial-hepatic venous blood glucose concentration difference and the hepatic blood flow, which was determined at 10-20-min intervals. Note that the net SGB is the result of two simultaneously ongoing processes: SGU and HGP. The net SGB (measured by the hepatic venous catheter technique), therefore, reflects neither SGU nor HGP. Fortunately, however, HGP can be measured independently using tritiated glucose. Since both the net SGB and HGP can be independently measured, SGU can be calculated from the relationship, net SGB = HGP -SGU. The SGU also can be calculated as the product of the splanchnic extraction ratio (SER) and the delivery of glucose to the splanchnic bed as follows: SGU = (SER) X (splanchnic blood flow) x (arterial blood glucose concentration). In the above equation SER can be calculated from the arterial-hepatic venous difference in [3H]glucose counts divided by the arterial [3HJglucose counts.
Leg glucose uptake was calculated as the product of the arterialfemoral venous blood glucose concentration difference and the leg blood flow, and expressed as milligrams per killigram leg weight per minute.
All data are presented as the mean±SEM. All statistical comparisons between different groups were performed by unpaired t test analysis. Changes from base line within any given group were evaluated by the paired t test. Coefficients of correlation were determined by standard procedures.
Results
Insulin clamp studies Plasma glucose and insulin concentrations. The fasting plasma glucose concentration in the diabetic subjects, 158±5 mg/dl, was significantly greater than in the controls, 99±3 mg/dl (P < 0.001). The time required for the plasma glucose concentration to decline from hyperglycemic (158 mg/dl) to euglycemic (92 mg/dl) levels was 42±4 min. This represented a rate of fall of 1.63±0.10 mg/dl per min. The fasting plasma insulin concentration in the diabetics, 22±2 1AU/ml, was significantly greater than in the controls, 13±1 (P < 0.01). The steady state plasma glucose concentrations in the two groups during the insulin clamp were 90±1 and 98±3 mg/dl, respectively, with coefficients of variation of 4.5±0.5 and 3.7±0.4%, respectively. The mean steady state plasma insulin concentrations during the insulin clamp were 108±8 and 97±5 gU/ml in the diabetics and controls, respectively. The coefficients of variations were 13±1 and 8±1% in the two groups.
Total body glucose metabolism. The amount of glucose metabolized by the entire body in the diabetic patients during the insulin clamp was 4.37±0.45 mg/kg 'per min which was 38% lower than in the controls, 7.04±0.63 mg/kg per min (P < 0.01). The rate of disappearance calculated from the tritiated glucose turnover data in the diabetic (4.61±0.28 mg/kg per min) and control (6.63±0.62 mg/kg per min) groups was closely correlated (r = 0.933, P < 0.001 and r = 0.903, P < 0.001, respectively) with the measure of glucose utilization obtained by adding the glucose infusion rate to the rate of residual HGP.
The time course of increase in insulin-stimulated glucose uptake is shown in Fig. 2 . During all intervals the amount of glucose metabolized by the diabetic patients was significantly lower than that metabolized by controls. The amount of glucose taken up during the insulin clamp in the NIDD group was strongly correlated (r = 0.80, P < 0.01) with the rate of fall of plasma glucose concentration during the period preceeding euglycemia. Total body glucose metabolism was inversely correlated (r = 0.77, P < 0.02) with the fasting plasma glucose level. Figure 2 . Time course of glucose uptake in control and diabetic subjects during the insulin clamp study. In the diabetics no glucose was infused during the first 42 min in order to allow the plasma glucose concentration to decline from hyperglycemic to euglycemic levels. *, P < 0.05; *, P < 0.01.
Leg blood flow and glucose uptake. In the basal state leg blood flow averaged 0.41±0.06 and 0.38±0.04 liter/min in the diabetic and -the control groups, respectively. This was unchanged during the insulin clamp, 0.43±0.04 and 0.43±0.06 liter/min. The total amount of glucose taken up by the leg tissues in the basal state was significantly greater in the diabetic subjects, 1.7±0.2 mg/kg leg wt per min, than in controls, 1.1±0.1 mg/kg leg wt per min (P < 0.02; Figure 3 ). In the diabetic group the ability of insulin to stimulate leg glucose uptake was markedly blunted and delayed (Fig. 3) . Even during the last hour of insulin clamp leg glucose uptake, 6.0±0.2 mg/ kg per min, was reduced by 45% as compared with that in controls (I 1.0±0.1 mg/kg per min, P < 0.01). In both diabetic and control subjects, leg glucose uptake during the last hour was strongly correlated with the total amount of glucose taken up by the, entire body during the insulin clamp (r = 0.70; P < 0.01; Fig. 4 tissues (measured by the hepatic vein catheter technique), which averaged 1.64±0.12 mg/kg per min in the diabetic subjects and 1.76±0.16 in the controls (not significant; Fig. 5 ). After the infusion of insulin there was a prompt inhibition of glucose release by the splanchnic area. By 20 min SGB was still negative in the diabetic patients, 0.14±0.12 mg/kg per min, but slightly positive in the controls, 0.05±0.15 mg/kg per min (not significant). By 80 min net SGB was positive in both diabetic (0.18±0.10 mg/kg per min) and control subjects (0.41±0.09 mg/kg per min, P = 0.10) and remained positive in both groups thereafter (Fig. 5) . The mean net 5GB during the last 100 min of the insulin clamp was slightly lower in the diabetic group than in controls (0.05±0.09 vs. 0.31±0.10 mg/ kg per min, P = 0.07; Fig. 5 ).
In the basal state HGP (as evaluated by infusion of tritiated glucose) was slightly less in the control (2.17±0.12 mg/kg per min) than in the diabetic (2.50±0.08 mg/kg per min) group (P < 0.05; Fig. 6 ). In both groups insulin caused a prompt suppression of hepatic glucose output (Fig. 6) . During the last 100 min of the insulin clamp HGP was slightly greater in the (Table I) . A small and statistically insignificant rise in plasma cortisol (in four of nine patients) and growth hormone (in six of nine) was observed 60 min before the end of the euglycemic insulin clamp (Table I ). In only two diabetic subjects was a rise in plasma epinephrine noted during the initial 60-min period of euglycemic hyperinsulinemia. During the last hour of euglycemic hyperinsulinemia, plasma epinephrine rose in all of the diabetic subjects (P < 0.01; Table I ). A small increase in plasma norepinephrine was observed during the period of falling plasma glucose concentration (P < 0.05). There was no further increase in plasma norepinephnne during the 2-h period of euglycemic hyperinsulinemia. * Mean time after insulin was started that it took for the plasma glucose concentration to decline from hyperglycemic levels to 100 mg/dl.
Discussion
After the ingestion of a I g/kg glucose load, our diabetic subjects demonstrated marked glucose intolerance despite plasma insulin levels that were significantly greater than in age-matched controls ( Fig. 1) , suggesting the presence of resistance to the action of insulin. This was confirmed during the euglycemic insulin clamp study; during all intervals insulinmediated glucose uptake by the entire body was diminished by 30-40% as compared with that in control subjects (Fig. 2) .
In an attempt to define the site and mechanisms of the insulin resistance, the clamp studies were performed in combination with hepatic and femoral venous catheterization and infusion of tritiated glucose. The results of the leg catheterization studies provide direct evidence that peripheral tissues represent the primary site of the insulin resistance in NIDD individuals. In the diabetic subjects the ability of insulin to stimulate leg glucose uptake was markedly blunted and delayed, whereas in the control group insulin caused a prompt and marked increase in leg glucose uptake (Fig. 3) . Even after 180 min of hyperinsulinemia, leg glucose uptake was reduced by 45% as compared with that in controls. In both diabetic and control subjects the amount of glucose taken up by the leg closely parallelled the amount of glucose taken up by the entire body. The importance of peripheral tissues in determining overall glucose disposal is further emphasized by the strong correlation (r = 0.70, P < 0.001) between leg and total body glucose uptake in both control and diabetic groups. 25) determined that <1% of an intravenous or oral glucose load is disposed of by adipose tissue. If it is assumed that most leg glucose uptake occurs in muscle tissue and that muscle tissue represents 64% of total leg weight (26), it can be calculated that glucose uptake by leg muscle was 14.8 mg/kg per min (based on total leg glucose uptake of 9.5 mg/kg per min) during the last 100 min of the euglycemic insulin clamp in the control group. For a 70-kg man, the total muscle mass is -30 kg (27) . Since the mean weight of our control group was 74 kg, total body muscle mass would be 32 kg. If all muscle tissue in the body responds to insulin in a way similar to how leg muscle responds, total muscle glucose uptake can be calculated to be 470 mg/min or 47 g over the last 100 min of the clamp study. During the same period the total body glucose uptake during the insulin clamp was 7.0 mg/kg per min or 52 g. It can thus be estimated that muscle tissues accounted for 90% (47 of 52 g) of total body glucose disposal. SGU during the last 100 min of the insulin clamp amounted to -2 g (body weight, 74 kg; net SGB = 0.31 mg/kg per min) or only 4% of total body glucose uptake (52 g).
In the diabetic subjects total body glucose uptake during the last 100 min of the insulin clamp averaged 4.4 mg/kg per min or 31 g. Under the assumptions outlined above, splanchnic and muscle glucose uptake amounted to 0.6 and 27 g or I and 87% of total body glucose uptake, respectively. Thus, in the diabetic group as well as in the controls peripheral tissues are the most important determinant of overall glucose disposal.
Since splanchnic, peripheral, and total body glucose uptake were independently measured, their internal consistency indicates that these individual determinations must be reasonably accurate. Moreover, they leave an amount of glucose unaccounted for that is of the order of magnitude of the expected glucose uptake by noninsulin-dependent tissues, primarily brain. Estimates from the literature (28) (29) (30) indicate that cerebral tissues use glucose at the rate of 0.8-1.0 mg/kg, which amounts to -6-7 g during the last 100 min of the insulin clamp in both the control and diabetic subjects. This is in reasonably good agreement with the amount of glucose (3-4 g) unaccounted for by muscle and splanchnic tissues.
The simultaneous measurements of SGB and HGP, using the tritiated glucose kinetic analysis, allowed us to estimate SGU. As can be seen in Fig. 5 (Figs. 5 and 6 ).
In previous studies we could not demonstrate any significant difference in the ability of insulin to inhibit HGP between controls and NIDD with a comparable degree of fasting hyperglycemia (8, 9) , but other investigators have shown a modest impairment in the suppressive action of insulin on HGP in NIDD patients with more severe fasting hyperglycemia, >200-220 mg/dl (10, 11). These variable results with regard to the suppression of HGP by insulin in NIDD may be due to the fact that none of these studies, including the present one, were ideally designed to examine hepatic sensitivity to insulin. Suppression of HGP is >90% when the plasma insulin concentration is raised by >100 ,U/ml and -75-80% complete with increments in plasma insulin of only 50 ,uU/ml (32) . Therefore, if one specifically wants to examine hepatic sensitivity to insulin, levels between 10 and 50 ,U/ml should be employed.
It is quite possible that at these lower plasma insulin concentrations, i.e., 10-50 uU/ml, a defect in the ability of insulin to suppress HGP may be observed.
It could be argued that the decline in plasma glucose concentration from hyperglycemic to euglycemic levels before the insulin clamp was started elicited a counterregulatory hormonal response and that this was responsible for the insulin resistance observed in the NIDD subjects. This seems unlikely for several reasons. First, during the initial 60 min of the euglycemic insulin clamp there was no significant rise in arterial concentrations of insulin counterregulatory hormones (Table I) . Although plasma norepinephrine levels increased during this period, this hormone is not known to exert any deleterious effects on glucose utilization. Second, during the last 60 min of the euglycemic insulin clamp only plasma epinephrine rose significantly. However, the absolute rise was small and the rate of glucose utilization continued to rise, rather than fall, during this period. Furthermore, leg glucose uptake (Fig. 3) was markedly reduced during the first 102 min after insulin infusion, whereas plasma epinephrine levels did not increase significantly from basal. This impairment in leg glucose uptake during the 0-102 min period was of similar magnitude to that observed during the last hour of the study. Therefore, we do not believe that the small increase in plasma epinephrine, observed only during the last hour, can account for the severe peripheral resistance to insulin. Some comment about the age difference (9 yr) between the diabetic and control groups is indicated since we, as well as others, have shown that tissue sensitivity to insulin declines with advancing age (33, 34) . From Fig. 4 of reference 34, it can be calculated that as an individual ages from 43 to 52 one can expect total body glucose uptake to decline by <0.3-0.4 mg/kg. min. This decrease is quite small as compared with the magnitude of the impairment (A = 2.67 mg/kg-min) in insulin sensitivity observed in our diabetic subjects. Furthermore, remember that the insulin clamp study in the diabetics lasted 42 min longer in the control group. Since there is a time-dependent increase in glucose disposal after insulin administration (35) , comparison of glucose uptake during the last hour of the insulin clamp study would tend to underestimate the true severity of the insulin resistance in the diabetic group.
In summary, the present results demonstrate that the ability of insulin to stimulate glucose uptake in NIDD is markedly impaired. Quantitatively, the most important site of this insulin resistance resides in peripheral tissues, probably muscle, and the splanchnic tissues play only a minor role in the impairment in insulin-mediated glucose utilization.
